Methylophaga lonarensis sp. nov., a moderately haloalkaliphilic methylotroph isolated from the soda lake sediments of a meteorite impact crater Soda lakes represent extreme ecosystems and are characterized by their high pH and salinity (Grant & Jones, 2000) . Unusually high primary productivity rates in such lakes are sustained mainly by prokaryotic communities that are actively involved in the closed cycling of organic matter (Zavarzin et al., 1999; Grant & Jones, 2000) . Methane is a major end product of decomposition of organic matter in soda lakes, and methanotrophic bacteria have been identified as important biogeochemical agents that may drive alkaline methylotrophy by the production of C 1 compounds (methanol, formaldehyde and formate) (Trotsenko & Khmelenina, 2002) . So far, only one haloalkaliphilic methylotrophic strain with a validly published name that possesses the ribulose monophosphate (RuMP) pathway has been reported from a soda lake environment: Methylophaga alcalica (Doronina et al., 2003) . Very recently, the presence of novel Methylophaga-like methylotrophic bacteria was detected in the sediments of a saline and alkaline lake (Lonar Lake, Buldhana district, Maharashtra, India) by DNA-based stable isotope probing (SIP) with labelled methane and methanol (Antony et al., 2010) . However, no haloalkaliphilic methylotroph has been isolated from Lonar Lake. Species of the genus Methylophaga differ from other RuMP-pathway methylotrophs in their requirements for high levels of Na + and Mg
microcosms that were oxidizing methane for two weeks. The isolate utilized methanol and was an aerobic, Gram-negative, asporogenous, motile, short rod that multiplied by binary fission. The isolate required NaHCO 3 or NaCl for growth and, although not auxotrophic for vitamin B 12 , had enhanced growth with vitamin B 12 . Optimal growth occurred with 0.5-2 % (w/v) NaCl, at 28-30 6C and at pH 9.0-10.0. The cellular fatty acid profile consisted primarily of straight-chain saturated C 16 : 0 and unsaturated C 16 : 1 v7c and C 18 : 1 v7c. The major ubiquinone was Q-8. The dominant phospholipids were phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol. Cells accumulated ectoine as the main compatible solute. The DNA G+C content was 50.0 mol%. The isolate exhibited 94.0-95.4 % 16S rRNA gene sequence similarity with the type strains of methylotrophs belonging to the genus Methylophaga and 31 % DNA-DNA relatedness with the reference strain, Methylophaga alcalica VKM B-2251 Soda lakes represent extreme ecosystems and are characterized by their high pH and salinity (Grant & Jones, 2000) . Unusually high primary productivity rates in such lakes are sustained mainly by prokaryotic communities that are actively involved in the closed cycling of organic matter (Zavarzin et al., 1999; Grant & Jones, 2000) . Methane is a major end product of decomposition of organic matter in soda lakes, and methanotrophic bacteria have been identified as important biogeochemical agents that may drive alkaline methylotrophy by the production of C 1 compounds (methanol, formaldehyde and formate) (Trotsenko & Khmelenina, 2002) . So far, only one haloalkaliphilic methylotrophic strain with a validly published name that possesses the ribulose monophosphate (RuMP) pathway has been reported from a soda lake environment: Methylophaga alcalica (Doronina et al., 2003) . Very recently, the presence of novel Methylophaga-like methylotrophic bacteria was detected in the sediments of a saline and alkaline lake (Lonar Lake, Buldhana district, Maharashtra, India) by DNA-based stable isotope probing (SIP) with labelled methane and methanol (Antony et al., 2010) . However, no haloalkaliphilic methylotroph has been isolated from Lonar Lake. Species of the genus Methylophaga differ from other RuMP-pathway methylotrophs in their requirements for high levels of Na + and Mg
2+
, tolerance of NaCl and low DNA G+C content (Doronina et al., 2003; Boden, 2012) . methane uptake was measured by gas chromatography (Agilent). Then, several-fold dilutions of the incubated sediments were made in sterile saline and plated onto nitrate mineral salts (NMS) medium (Kaluzhnaya et al., 2001 ) modified according to previously reported Lonar Lake sediment chemical parameters (Antony et al., 2010 (Tuovinen & Kelly, 1973) . The medium was adjusted to pH 9.5 by the addition of NaHCO 3 /Na 2 CO 3 and supplemented with 0.1 % vitamin solution (Kelly & Wood, 1998) to stimulate the growth of methylotrophic bacteria and with 50 mg trimethoprim ml 21 to inhibit the growth of heterotrophic bacteria. The plates were incubated with 0.1 % (v/w) methanol at 30 uC for 1 week. From these plates, single colonies were selected and transferred to fresh plates or liquid medium. After several rounds of culture purification, strain MPL T was obtained. The purity of the isolated methylotrophic bacterium was established by observing colonies and cell suspensions under light and electron microscopes, respectively. Strain MPL T could be stored in modified NMS liquid medium or on agar plates at 4 uC for 2 weeks or in glycerol stocks at 280 u C for several months. Negatively stained preparations were made as described previously (Doronina et al., 2003) and viewed with a transmission electron microscope (2010F; JEOL) at operating voltage of 200 kV using a Gatan Ultrascan 4000 camera.
Phenotypic characterization was performed as described by Doronina et al. (1995) . Growth in DSMZ medium 976 (Doronina et al., 2003) was tested. Utilization of a wide range of growth substrates (more than 100) was determined in modified NMS medium and DSMZ medium 976 after cultivation for 2 weeks by replacing methanol with other carbon compounds. Organic acids, amino acids and methylated amines were added to concentrations of 0.2 % (w/v), while carbohydrates and alcohols were added to concentrations of 0.2-0.5 % (w/v or v/v). To test alternative nitrogen sources, KNO 3 and NH 4 Cl were replaced with other nitrogen compounds. Methane utilization was tested in 120 ml serum vials containing 20 ml modified NMS medium with the headspace methane concentration ranging from 0.1 to 5 %. Hydrogen utilization was tested by the same procedure under an atmosphere consisting of H 2 /O 2 /CO 2 (7 : 2 : 1, v/v).
Cellular fatty acids were extracted from cultures grown on solid medium with 0.5 % (v/w) methanol at 29 u C for 30 h. Fatty acid extraction from 40-60 mg cells was carried out by whole-biomass acid methanolysis using 0.4 ml 1.2 M HCl in methanol and heating to 80 u C for 1 h. The resulting fatty acid methyl esters were extracted twice with 0.2 ml hexane and processed with an AT-5850/5973 GC-MS system (Agilent Technologies) with a cross-linked methyl silicone capillary column (HP-5ms). The oven temperature was programmed to increase from 140 to 320 u C at 7 u C min 21 and 1-2 ml sample was injected at 280 u C. After separation, fatty acids and other lipid components were ionized by electron impact at 70 eV and analysed in the scan mode. The quadrupole mass spectrometer had a resolution of 0.5 mass units over the whole mass range of 2-950 amu. The sensitivity of the GC-MS system was 0.01 ng methyl stearate. Each compound was confirmed by its mass spectrum and a NIST mass spectral database library search. The phospholipid composition was determined according to previously described methods (Govorukhina & Trotsenko, 1989) . Ubiquinones were extracted and purified according to Collins (1985) using mass spectra (MAT8430; Finnigan). Intracellular organic solutes were characterized according to Doronina et al. (2003) . Enzyme assays were performed as described previously (Trotsenko et al., 1986; Doronina et al., 1995) .
DNA was isolated and purified according to Marmur (1961) . DNA G+C content was determined by the thermal denaturation method (Marmur & Doty, 1962 ) with a DU-8B spectrophotometer (Beckman) at a heating rate of 0.5 u C min 21 and calculated according to Owen & Lapage (1976) . DNA from Escherichia coli K-12 was used as the standard. DNA-DNA hybridization was performed as described by De Ley et al. (1970) . Methylophaga alcalica VKM B-2251
T was used as the reference strain.
The 16S rRNA gene of strain MPL T was amplified and sequenced (Lane, 1991) . The sequence obtained was aligned with those of closely related methylotrophic strains using CLUSTAL_X version 1.81. Pairwise evolutionary distances were calculated with the Kimura 2 correction (Kimura, 1980) using DNADIST in the PHYLIP version 3.2 software package (Felsenstein, 1989) . The analysis used 1418 nt. A phylogenetic tree was constructed by the Bayesian method. Before Bayesian inference analysis, a DNA substitution model for the complete dataset was selected using MrModeltest2 (Posada & Crandall, 1998) and the Akaike information criterion (AIC): the model selected for the Bayesian phylogenetic tree was GTR+I+G with log-likelihood ratio58122.16 and AIC516264.33. The Markov chain Monte Carlo analysis was started from a random tree and run for 3 million generations (MrBayes version 3.0b4; Ronquist & Huelsenbeck, 2003) . Trees were sampled every 100 generations and a consensus tree was built on all trees with the exclusion of the first 1200 trees (burn-in). Posterior probabilities were determined by constructing a 50 % majority-rule tree of all trees sampled. Three separate runs were performed using the above parameters because the Bayesian approach is known to result in inflated levels of nodal support. Phylogenetic trees constructed with neighbour-joining and maximum-parsimony methods also showed similar topologies (data not shown).
Cells of strain MPL
T were Gram-negative, asporogenous rods (0.261.2-2.0 mm) and motile by a single polar flagellum (Fig. S1 , available in IJSEM Online). Reproduction occurred by binary fission. When grown on modified NMS or DSMZ medium 976, colonies were 0.5-1 mm in diameter after 4 days at 30 u C, translucent, white to slightly cream, round and raised with glossy surfaces and entire edges.
Strain MPL
T utilized only methanol as a sole carbon and energy source in both modified NMS medium and medium DSMZ 976; no other C 1 compounds, such as methylamine, dimethylamine, trimethylamine or dimethylsulfide, were utilized (Table 1) . The isolate did not utilize any sugars, organic acids, amino acids or C 2 -C 6 alcohols and did not grow in nutrient or peptone broth supplemented with or without 0.7 % (w/v) NaCl or at pH 7.0 or 9.5. The isolate did not grow with methane or CO 2 /H 2 /O 2 . Nitrate was reduced to nitrite. Hydrolysis of starch was not observed. Indole was produced from L-tryptophan. The isolate was a strict aerobe and was not capable of growth with methanol under anaerobic conditions and it produced catalase, oxidase and urease. Nitrate, glutamate, urea and ammonium, but not methylated amines or amino acids, were utilized as nitrogen sources in both modified NMS medium and medium DSMZ 976. The isolate was capable of growth with 0.1-5 % (v/v) methanol (optimum 0.25-0.5 %), at pH 7.0-10.0 (optimum pH 9.0-10.0), with 0.05-10 % NaCl (optimum 0.5-2 %) and at 20-37 u C (optimum 28-30 u C); no growth was detected with .5 % (v/v) methanol, at pH ,7.0 or .10.0, with .10 % NaCl or at ,20 or .37 u C. Strain MPL T did not require additional growth factors when grown on methanol but its growth was enhanced by the addition of 50 mg vitamin B 12 l 21 . Table 2 , the predominant cellular fatty acids of strain MPL T were straight-chain saturated C 16 : 0 and unsaturated C 16 : 1 v7c and C 18 : 1 v7c acids. The presence of 3-hydroxy fatty acids, but not 2-hydroxy fatty acids, was observed. The strain had a type A cellular fatty acid composition and thus was similar to group 11 of the marine methylotrophs (Urakami & Komagata, 1987) . Analysis of cellular phospholipids revealed the presence of phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol as the dominant phospholipids and phosphatidylserine and an unidentified phospholipid as minor components (Fig. S2) . The major isoprenoid ubiquinone was Q-8.
As shown in

Strain MPL
T was grown at various NaCl concentrations and examined for the accumulation of organic solutes. The 1 H-NMR spectrum showed that ectoine (2-methyl-1,4,5,6-tetrahydropyrimidine 4-carboxylic acid) and glutamate were the major cytosolic constituents in cells grown at 1-1.5 M NaCl, whereas sucrose was detected in cells grown at 1.5 M NaCl (Table 3 ). The cytoplasmic levels of these three organic solutes in cells were considerably influenced by the NaCl concentration of the medium, which thereby indicates their osmoprotective role.
The enzyme profile of methanol-grown cells (Table 4) indicated that the novel strain oxidized methanol to formaldehyde by an inducible pyrroloquinoline quinone (PQQ)-linked methanol dehydrogenase. NAD activity of formaldehyde dehydrogenase was absent. Formaldehyde assimilation occurred via the RuMP cycle (Entner-Doudoroff variant), as confirmed by the presence of 3-hexulose-phosphate synthase and 2-keto-3-deoxy-6-phosphogluconate aldolase. Glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase were active with both NAD + and NADP + . The high activity levels of these enzymes indicated the preferential oxidation of formaldehyde to CO 2 via the dissimilatory hexulose phosphate cycle. Neither the serine-nor the ribulose-bisphosphate pathway of C 1 assimilation was functional as the corresponding enzymes (hydroxypyruvate reductase, serineglyoxylate transaminase and ribulose-bisphosphate carboxylase) were absent. The tricarboxylic acid cycle was deficient in a-ketoglutarate dehydrogenase activity. The absence of isocitrate lyase and malate synthase activities indicated that the glyoxylate shunt was not functional. Primary ammonia assimilation was mediated by reductive amination of a-ketoglutarate to glutamate and via the glutamate cycle (GS/GOGAT system).
The DNA G+C content of strain MPL T was estimated by T m as 50.0 mol% (Table 1) . DNA-DNA relatedness between the isolate and the reference strain Methylophaga alcalica VKM B-2251 T was 31 %, which is in agreement with the assignment of the isolate to a separate species of the genus Methylophaga. The 16S rRNA gene sequence (1491 bp) of strain MPL T showed 94.0-95.4 % similarity with other members of the genus Methylophaga. The partial sequence showed 99.8 % similarity with sequences retrieved earlier from a Lonar Lake methanol SIP experiment (Antony et al., 2010) , which suggests that the isolate is metabolically active in the extreme lake environment. In the phylogenetic tree based on 16S rRNA gene sequences (Fig. 1) , strain MPL T consistently clustered within the species Methylophaga of the class Gammaproteobacteria, indicating their close relationship.
Thus, phenotypic and genotypic data permit the separation of strain MPL T from other members of the genus Methylophaga. Consequently, strain MPL T is regarded as the type strain of a novel species, for which the name Methylophaga lonarensis sp. nov. is proposed.
Description of Methylophaga lonarensis sp. nov.
Methylophaga lonarensis (lo.na.ren9sis. N.L. fem. adj. lonarensis of or pertaining to Lonar Lake).
Cells are Gram-negative rods (1.2-2.0 mm long and 0.2 mm wide) and motile by a single polar flagellum. Multiplies by binary fission. On modified NMS medium or DSMZ medium 976, colonies are 0.5-1 mm in diameter after 4 days at 30 u C, translucent, white to slightly cream, round and raised with glossy surfaces and entire edges. Moderately haloalkaliphilic. Grows at 20-37 u C (optimum 28-30 u C), at pH 7.0-10.0 (optimum pH 9.0-10.0) and with 0.05-10 % (w/v) NaCl (optimum 0.5-2 % NaCl). Growth is enhanced by addition of vitamin B 12 . Accumulates ectoine and glutamate intracellularly as the main osmoprotectants. An obligate aerobic methylotroph that utilizes only methanol via the RuMP pathway. Does not grow on nutrient broth with or without NaCl at pH 7.0 or 9.5. Catalase-, ureaseand oxidase-positive. Reduces nitrate to nitrite. Nitrate, glutamate, urea and ammonia are used as nitrogen sources. The predominant cellular fatty acids are C 16 : 0 , C 16 : 1 v7c and C 18 : 1 v7c. The dominant phospholipids are phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol. The major ubiquinone is Q-8.
The type strain, MPL T (5VKM B-2684 T 5MCC 1002 T ), was isolated from 2-week-old methane-oxidizing microcosms containing sediments from Lonar Lake, India. The DNA G+C content of the type strain is 50.0 mol%. 
